Introduction
The electron backscatter diffraction (EBSD) attachment for scanning electron microscopes (SEM) has gained popularity over the last decade as it provides an effective tool for the characterization of bulk crystalline materials. EBSD crystal phase and orientation maps with a resolution of typically 50 nm when a field emission gun is used have been recorded mainly from metals and alloys. The technique is based on precise measurements of backscattered Kikuchi line patterns. The quality of these patterns is known to be sensitive to the surface roughness so that efficient mapping requires well polished samples. Another limitation of the Kikuchi lines is related to their disappearance with increasing strain and internal stresses.
On the other hand, there is a growing need to characterize, map and fingerprint nanocrystalline materials at higher resolutions as obtainable in a transmission electron microscope (TEM). Consequently, the extension of orientation mapping facilities to transmission electron microscopes (TEM) was attempted several times. Both Kikuchi lines [1] [2] [3] and Bragg diffraction (spot) patterns [2, 4] were used to extract the orientation and phase information from the patterns. Such techniques have become more feasible due to the availability of focused ion beam (FIB) microscopes for the preparation of sufficiently thin foils. Nevertheless, these techniques suffer from difficulties to analyze diffraction patterns that are sensitive to dynamical effects related for example to crystal thickness changes. Moreover, the complexity of the patterns that are collected when the electron beam is crossing overlapping grains leads to frequent mis-indexings.
There is an alternative TEM technique that works on the basis of approximately 65,000 reconstructed diffraction spot patterns per mapped sample area [5, 6] . These patterns are reconstructed by software from some 5,000 automatically collected conical dark field images. Only the projected reciprocal lattice geometry of the reconstructed diffraction patterns is utilized. The technique is commonly referred to as "Automated Crystallography for the TEM" [7] . Further improvements of this technique that include utilizing the intensity of the reconstructed diffraction patters in the two-beam dynamical diffraction limit and a Blackman correction have been proposed recently [8] .
It was proposed previously to use a template matching algorithm to compare the acquired diffraction patterns to pre-calculated templates [9] . This permits the crystal orientation and phase to be derived form the best fit among a complete set of possibilities. Such an approach has proved able of deconvoluting superimposed diffraction patterns that were recorded from grain or twin boundaries [10] . The efficiency of template matching for orientation indexing was recognized by other groups that are dealing either with electron [8] or Laue X-ray [11] diffraction patterns.
In this paper, we will describe both this method and a newly developed tool for the automatic mapping of crystals orientations and phases [9, 10, 12] . Our method may be loosely speaking referred to as a "higher resolution EBSD-TEM equivalent" or better as precession-transmission-diffraction based "Orientation Imaging Microscopy".
While template matching is a relatively simple and fast procedure, it cannot deal with the so-called 180 ambiguity that pertains to some particular zone axes. The problem results from the absence of reflections pertaining to higher order Laue zone in typical diffraction spot patterns. The missing reflections may be activated when the incident beam is tilted. Consequently, precessing the transmitted beam with an angle of a few tens of a degree up to a few degrees is expected to decrease the ambiguity. The benefits of such precession movements of the primary electron beam on the sample and a proper de-scanning below the sample on the reliability of the orientation measurement will be demonstrated.
Materials and methods
Structural information about crystalline materials is contained in their electron diffraction (ED) patterns. Kikuchi lines and/or individual diffraction spots may be present in such patterns. For our TEM-based technique [9, 10, 12] we are utilizing ED spot patterns exclusively. Crystal orientation and phase determinations from ED spots will be less accurate that from Kikuchi lines, but this disadvantage (with respect to EBSD-SEM) is compensated by the method inherent insensitivity to local strains and rough surfaces that frequently impede EBSD-SEM analyses.
The ED spot patterns are collected sequentially with a charged coupled device (CCD) camera, Fig. 1 , while the sample area (that is typically tens of square micrometers) is scanned by the primary electron beam and simultaneously precessed around the optical axis of the microscope. The beam scanning and precessing is controlled by a dedicated external device, i.e. the precession electron diffraction device "DigiSTAR" [13] , via adequate connections to the deflector coils control boards. A TEM retrofitted with a precession device, thus, does not need to possess scanning facilities itself.
Any slow-scan CCD camera that is mounted on an external 35 mm standard port or on-axis internally can be used for the collection of precession ED spot patterns with a speed of about 10 to 30 frames per seconds. An external "fast optical" CCD with only 8 bit dynamical range and 750 Â 500 pixels image size that is mounted in front of the TEM screen can be used advantageously because of its much higher collection speed. Using the camera binning facility, up to 180 ED spot patterns can be recorded per second with the current equipment. During the scanning and precessing of the primary electron beam, thousands of ED spot patterns are recorded and stored in a computer's memory.
In order to proceed with nanocrystal orientation and phase identification (or utilize it for more advanced 1 struc-104 E. F. Rauch, J. Portillo, S. Nicolopoulos et al. The scanning of the primary electron beam is combined with its precession movements, both of which are controlled by the dedicated digital "DigiSTAR" unit (d). The array of spots in (a) are supposed to illustrate the scanning procedure (Note that this array is not to scale as typical scan step sizes are in the tens of nanometer).
1 A novel procedure for structural fingerprinting of nanocrystals on the basis of structural data that can be extracted from precession electron diffraction spot patterns is proposed in Refs. [14] [15] [16] . This procedure possesses three hierarchical levels: extraction and utilization of (i) the projected reciprocal lattice geometry, (ii) the projected point symmetry, and (iii) estimates of the structure factor moduli. All three levels benefit from a precessing primary electron beam. Crystalline materials that have very similar projected reciprocal lattice geometries may well differ in their projected point symmetries and structure factor moduli (even if they have the same element content and a similar stoichiometry). A mixture of nanocrystalline magnetite ( ; open access version of a similar conference paper: arXiv:0804.0063). Individual members of both nanocrystalline phases could be distinguished, i.e. fingerprinted structurally in other words, on the basis of high resolution phase contrast transmistural fingerprinting on the basis of precession electron diffraction data [14] [15] [16] ) for each experimental ED spot pattern, thousands of simulated ED spot patterns (so called templates) are utilized for each crystallographic phase in the sample. The degree of matching for a given template is characterized by a correlation index that is defined by the following relation:
where the highest value corresponds to the most probable orientation and phase, see also Fig. 2 .
Here the experimental ED spot pattern is represented by the intensity function Pðx; yÞ while the template i is given by the function T i ðx; yÞ. The QðiÞ values for a given pattern may be displayed in a so-called correlation index map (Q map) that is the portion of the stereographic projection that covers all the possible orientations for the given crystal symmetry. It turns out that for highly symmetric cubic structures (i.e. point groups m 3 3m, and 4 43m) and for successive orientation templates differing by one degree, less than 1500 templates have to be generated to cover all of the orientation possibilities. In Fig. 2c , the local correlation indexes, normalized by the maximal encountered correlation index, are displayed in a gray scale where the darkest point in the map corresponds to the selected orientation.
The template matching procedure can also be used to select adequate indexing parameters when ED spot patterns with not precisely known observation conditions are analyzed. The software then automatically detects the best fit camera length from the experimental ED spot patterns.
The software includes modules for (i) acquiring ED spot patterns, (ii) generating simulated templates, (iii) comparing templates by cross correlation (iv) indexing of acquired ED spot patterns, and (v) generating crystal phase and orientation maps. All maps and ED spot patterns are stored and can be revisited for further processing off-line.
For a typical map of 400 Â 400 pixels, the beam scanning (and precessing
The template generation is done on the basis of the crystal structure parameters of the known phases (for with the spatial distribution is to be mapped). The dimensions of the unit cell, the space group symmetry, and fractional atomic positions can be read from files in the standard Crystallographic Information File format [17, 18] (CIF, file extension *.cif). Both well-known commercial databases (also utilizing their free demonstration versions [19] [20] [21] [22] [23] ) and open access databases [24] [25] [26] [27] [28] The generated templates are essentially simulations of ED spot patterns in the kinematical limit. The comparison of templates by cross-correlation with experimental ED spot patterns is done on the basis of the spot positions and relative intensities. Other parameters (such as the excitation error) can also be adjusted in order to improve the correlation between the templates and the experimental patterns.
Automated nanocrystal orientation and phase mapping in the TEM 105 sion electron microscopy images (Moeck, P.; Bjorge, R.; Mandell, E.; Fraundorf, P.: Lattice-fringe fingerprinting of an iron-oxide nanocrystal supported by an open-access database. Proc. NSTI-Nanotech Vol. 4 (2007) 93-96, ISBN 1-4200637-6-6). These images needed to be recorded from individual nanocrystals that were in a thickness range were the weak phase object approximation is applicable. Precession electron diffraction should allow for similar distinctions for such iron-oxide nanocrystals that are five to ten times thicker. Fig. 2 . Indexing is performed by cross-correlating (a) the experimentally acquired ED spot pattern with (b) the simulated templates for all possible orientation and crystal phases. The degree of matching between an experimental ED pattern and a given simulated template is given by the correlation index. The highest value determines the adequate crystal orientation and phase. The Q-map, here shown for a crystal whose point group is 4 43m (c), displays the relative values of the correlation indexes for all possible orientation as a gray level. In addition to crystal orientation maps (OM), virtual bright field maps (VBF), correlation index maps, and reliability maps can be generated. The VBF map is obtained by plotting the intensity fluctuation of the transmitted beam of the ED spot pattern with the same scanning rate and steps. These maps prove very helpful for the recognition of the scanned area. (Normal parallel illumination bright-field TEM images often show contrast that is difficult to compare with OM maps). The correlation index maps are mainly used to emphasize structural details such as crystals having different orientations. The reliability index (which is roughly analogous to the "EBSD confidence" index) is defined in such a way that it has a minimum when more than one solution is proposed. This can for example happen in the case of two crystals that overlap in the prevalent projection on the screen of the TEM. The highest value of the reliability index is obtained when one assigned solution crystallographic index is much higher that for any other proposed solution. Such reliability maps clearly reveal grain or twin boundaries.
Figures 3 to 5 show typical results for different materials. All experimental ED spot patterns have been acquired with a JEOL JEM 3010 (equipped with a LaB 6 gun) at 300 kV and in the nano-probe mode with a nominal probe size of approximately 25 nm. It is important, however, to stress that the dedicated precession/scanning device "Digi-STAR" and the optical CCD camera can be adapted to any older or newer mid-voltage TEM.
Increased reliability for nanocrystal phase and orientation mapping using precession electron diffraction
Although the orientation and phase mapping coupled with template matching was working satisfactorily without precession for a number of materials, there can be limitations due to the poor quality of experimentally acquired ED spot patterns. This might be the case for thicker crystals where ED patterns may show a combination of a strong diffuse inelastic scattering background, Kikuchi lines, and fainter diffraction spots. Moreover, the reliability of the orientation identification from non-precessed ED spot patterns may be limited by the well known 180 ambiguity [30] .
This ambiguity in the indexing of ED spot patterns arises from the fact that a particular diffraction spot may be indexed as either (hkl) or ( h h k k l l) in a plane section through the reciprocal lattice. While one will obtain the same zone axis indices for both sets of indexed reciprocal lattice vectors, an ambiguity will exist as to the azimuthal orientation of the crystals around the zone axis. While this ambiguity is irrelevant for some applications, it becomes important for the determination of grain and phase boundary parameters. Methods to remove this ambiguity are discussed in Ref. [31] . Precession electron diffraction is helpful here because a larger section of the Ewald sphere will be brought in contact with the crystal's reciprocal lattice.
It is well known from that electron precession reduces (non-systematical) dynamical diffraction effects in ED spot patterns significantly, e.g. Ref. [14] [15] [16] [32] [33] [34] [35] [36] [37] , and also suppresses Kikuchi lines and other crystal thickness related effects. Precession ED spot patterns possess an increased number of observable ED spots with respect to standard (stationary or zero-precession-angle) primary electron beam ED spot patterns. Consequently, the results of the template matching technique will be of a higher fidelity when experimentally acquired precession ED spot patterns are used for orientation and phase mapping. In order to achieve this, we used a technique that combines beam scanning and beam precession [13] , employing the "DigiSTAR" precession unit.
Dedicated measurements (Fig. 6) reveal that even at small precession angles (e.g. 0.2 to 0.5 ), there is a substantial improvement in the matching procedure. The effect is material and orientation sensitive but results typi-106 E. F. Rauch, J. Portillo, S. Nicolopoulos et al. cally in an increase of the correlation index from 20% to 50%. Consequently, crystal orientation and phase indexing will be facilitated when the incident primary electron beam is precessed. Indeed, our previous work has demonstrated an enhanced mapping fidelity due to the application of precession electron diffraction for both nanocrystal phase and orientation maps that have been obtained for steels and severely deformed copper [38] as well as for nanocrystalline iron-oxide minerals [16, 39] .
Of scientific interest is here the fact that the trend is observed while the templates were not modified. In turns out that the precessed ED are closer to ideal kinematical conditions that are used to simulate the templates and consequently the improvement is obtained without refinement. A further increases in the map fidelity is expected when the diffraction pattern simulations will include the expected changes in the number and intensity of the diffraction spots as a function of the precession angle. (This is the subject of our ongoing work).
The present work focuses on the capability of precession electron diffraction to overcome the 180 ambiguity of ED spot patterns. Transformation induced plasticity (TRIP) steels samples containing both ferrite (i.e. a body centered cubic lattice) and austenite (i.e. a face centered cubic lattice) phases are used for this purpose. The precession electron diffraction spot patterns have been recorded with a Philips CM 120 microscope (with a LaB 6 gun) that is equipped with the precession diffraction devices "Digi-STAR" [13] .
Figures 7a and 7d show experimental ED spot patterns for a ferrite grain recorded without (zero precession angle, Fig. 7a ) and with precession of the primary electron beam (Fig. 7d) . The beneficial effect of precession electron diffraction to overcome the 180 ambiguity is clearly revealed by comparing the values of the correlation index as a function of a complete cycle of azimuthal rotation (between the ED spot patterns and their templates) in both case ( Fig. 7c and f) . While Figure 7c shows two correlation index maxima of essentially the same height that are separated by 180
, there is a significantly higher correlation index for one of these proposed indexing solutions in Fig. 7f . This is obviously due to the precession of the primary electron beam during the recording of this ED pattern. Indeed, a full row of additional spots may be seen at the outer part of a diffraction pattern that is collected with a precessing primary electron beam. This additional row is practically non-existent for a stationary primary electron beam. Figure 8 shows maps collected on the TRIP steel containing austenite inclusions. An orientation map (Fig. 8a) , a correlation index map (Fig. 8b) as well as a crystal phase map superimposed on the reliability map (Fig. 8c) are shown for data that were recorded without precession of the primary electron beam. Apparently, retained austenite phase is detected at the center of the grains, although this crystal phase is expected to exist only between grain Automated nanocrystal orientation and phase mapping in the TEM ambiguity on the example of a ferrite grain in a TRIP steel. Top row: Standard (zero-precession-angle) ED spot pattern (a) and its corresponding matched template (b). The correlation index is nearly 400, but the reliability is close to zero, because two solutions that differ azimuthally by 180 are equally probable (c), i.e. posses essentially the same correlation index. Bottom row: When a precession ED spot pattern is acquired from the same grain (d), the matching (e) raises the correlation index to about 650 (the precession angle is 1.5 ), with a reliability index of 28 (f). This means that one of the two indexing solutions is much more likely as shown by the well resolved peak in the azimuthal dependence of the correlation index on the mis-orientation between the precession diffraction pattern and its template.
boundaries. Figures 8d to 8f are based on data that were recorded on the same area but with a precessing primary electron beam. With precession, the retained austenite phase is adequately located at the grain boundaries only.
The observation of austenite in ferrite grains in maps that were based on data acquired without precession are, thus, revealed to be errors caused by the limited quality of zero-precession-angle ED spot patterns. Additional studies have shown a systematic positive effect of precession on the fidelity of our results.
Summary and conclusions
A novel automated crystal phase and orientation mapping system that benefits from the high spatial resolution of transmission electron microscopy has been demonstrated on several examples. This ED spot pattern based system benefits significantly from the precession movement of the primary electron beam around the optical axis of the microscope (and proper de-scanning below the sample) as obtainable with NanoMEGAS's add-on devices to newer and older mid-voltage TEMs. The TEMs to be retrofitted do not need to possess their own dedicated scanning unit. 
